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Isotope shifts and hyperfine structure of the Fe I 373.7 nm resonance line
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We report measurements of the isotope shifts of the 3d64s2 a 5D3 − 3d
64s4p z 5F o4 Fe I resonance
line at 373.7 nm between all four stable isotopes 54Fe, 56Fe, 57Fe and 58Fe, as well as the complete
hyperfine structure of that line for 57Fe, the only stable isotope having a non-zero nuclear spin. The
field and specific mass shift coefficients of the transition have been derived from the data, as well
as the experimental value for the hyperfine structure magnetic dipole coupling constant A of the
excited state of the transition in 57Fe : A(3d64s4p z 5F o4 ) = 68.21(69) MHz. The measurements were
carried out by means of high-resolution Doppler-free laser saturated absorption spectroscopy in a
Fe-Ar hollow cathode discharge cell using both natural and enriched iron samples. The measured
isotope shifts and hyperfine constants are reported with uncertainties at the few tenth percent level.
PACS numbers: 31.30.Gs, 32.10.Fn, 42.62.Fi, 32.30.Jc
I. INTRODUCTION
Isotope shifts and hyperfine splittings of atomic lines
and levels are fundamental spectroscopic data playing
an important role in many areas of physics and astro-
physics, such as in stellar spectroscopic studies [1], in
atomic metrology [2] or in cold atom physics [3]. High
accuracy laboratory data are needed for a good interpre-
tation of stellar spectra and determination of chemical
abundances in stars [4]. This is all the more true for the
element iron in view of its fundamental implication in the
star evolution process.
In the optical domain, high-resolution laser spec-
troscopy is a very powerful technique to get accurate ex-
perimental estimates of isotope shifts and hyperfine split-
tings. In the case of iron, the energy level structure of
the atom has so far prevented an intensive use of this
technique since the first excited states need ultraviolet
laser radiation to get populated from the ground state
(see Refs. [5–7] for a comprehensive study of the spec-
trum and level structure of neutral iron). Optical isotope
shifts have been reported for five transitions between 300
and 306 nm for the four stable isotopes 54Fe, 56Fe, 57Fe
and 58Fe [8]. Laser-rf double-resonance technique has
been successfully used to obtain the hyperfine structure
of several metastable states of 57Fe [9], the only stable
isotope having a non-zero nuclear spin I = 1/2. The
ground-state configuration hyperfine structure had been
measured much earlier very accurately using the atomic
beam magnetic resonance technique [10].
More recently, we reported high-resolution Doppler-
free laser saturated absorption for the strong resonance
line at 372 nm between the ground state 3d64s2 a 5D4
and the odd parity excited state 3d64s4p z 5F o5 [11]. In
that work, a first experimental determination of all iso-
tope shifts between all four stable iron isotopes as well as
the complete hyperfine structure of that line for 57Fe are
given. Isotopically enriched samples of iron were used in
that purpose.
In this paper, we report the experimental determi-
nation of all isotope shifts of the neighbor resonance
line at 373.7 nm [12] between the ground configura-
tion state 3d64s2 a 5D3 and the odd parity excited state
3d64s4p z 5F o4 , as well as the complete hyperfine struc-
ture of that line for 57Fe. This allows us to propose
an experimental value for the hyperfine structure (hfs)
magnetic dipole coupling constant A of the excited state
3d64s4p z 5F o4 along with the specific mass shift and field
shift coefficients of the transition. The paper is organized
as follows. In Section II, our experimental setup is de-
scribed. We then expose our results and their analysis in
Section III. We finally draw conclusions in Section IV.
II. EXPERIMENTAL SETUP
The experimental setup was described in Ref. [11] and
is briefly repeated here (see Fig. 1). The radiation at
373.7 nm was produced by an external cavity diode laser
in Littrow design [13] where the first-order diffraction of
a grating is coupled back into the laser diode and the
output beam is formed by the reflected light of the ze-
roth order [14]. In this configuration, the linewidth of
the laser was specified to be less than 1 MHz. The laser
frequency was continuously scanned over about 1.5 GHz
by means of a piezo actuator varying synchronously the
grating angle and the external cavity length. A small
fraction of the laser beam was sent to a confocal spher-
ical mirror Fabry-Perot interferometer used as a meter
to calibrate the frequency scans. The interferometer was
installed in a home-made temperature-controlled sealed
enclosure and had a free spectral range of 1 GHz with a
finesse of about 200. In the experiment, a smaller free
spectral range of 107.7(1.1) MHz was deliberately cho-
sen by detuning the mirror separation from the confocal
configuration [15]. The corresponding mode spacing was
measured by injecting two laser beams into the Fabry-
Perot interferometer, shifted in frequency by an acousto-
optical modulator, producing a double set of spectra with
a fixed and well-known frequency separation.
The main part of the diode laser beam was split into
a probe and a pump beam by use of a half-wave plate
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FIG. 1. (Color online) Experimental arrangement used for
the observation of Doppler-free saturated absorption spectra
of the 373.7 nm resonance line in neutral iron (see text for an
explanation of all elements).
(λ/2) and a polarizing beamsplitter (PBS) for an easy
tuning of the relative intensities of the two beams. The
counterpropagating beams were overlapped in a home-
made cylindrical Fe-Ar hollow cathode with an internal
diameter of 8 mm and a length of 50 mm where two
aluminum anodes were symmetrically placed on either
side of the cathode at a distance of 1 mm [16]. The
pump beam was mechanically chopped while the probe
light was recorded on a photodiode and further analyzed
using a lock-in amplifier referenced to the chopped pump
beam. The Doppler-free spectra were directly obtained
from the output signal of the lock-in amplifier.
III. RESULTS AND DISCUSSION
A. Spectra
In Fig. 2 we show a typical Doppler-free laser saturated
absorption spectrum recorded with a hollow cathode
made of natural iron (5.8% of 54Fe, 91.8% of 56Fe, 2.1% of
57Fe and 0.3% of 58Fe [17]). The strong central line cor-
responds to the transition 3d64s2 a 5D3 − 3d
64s4p z 5F o4
at 373.7 nm for the most abundant isotope 56Fe in the
sample. The lower frequency line is the same transition
for the isotope 54Fe while the higher frequency one is
the first hyperfine component of the 57Fe transition. The
other 57Fe hyperfine components and the 58Fe transition
are not visible on this spectrum. The hyperfine structure
of the 57Fe transition is illustrated in Fig. 3. The lower
[upper] level is split into two hyperfine levels F = 7/2 and
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FIG. 2. (Color online) Typical Doppler-free laser saturated
absorption spectrum recorded with a hollow cathode made
of natural iron, illustrated on two different scales. All lines
refer to the 3d64s2 a 5D3 − 3d
64s4p z 5F o4 Fe I transition at
373.7 nm [12] for the different stable isotopes 54Fe, 56Fe, and
57Fe. The too weak 58Fe contribution is not visible here.
The isotope 57Fe is the only one to possess a hyperfine struc-
ture. One hyperfine component of the investigated transition
is clearly visible in the present spectrum. The frequency axis
is referenced with respect to the central 56Fe peak.
F = 5/2 [F = 9/2 and F = 7/2] that are shifted with
respect to their unperturbed fine structure level by the
amount AC/2 with A the hfs magnetic dipole coupling
constant of the unperturbed level and
C = F (F + 1)− I(I + 1)− J(J + 1), (1)
with F , I and J the total angular momentum, nuclear
spin and total electronic angular momentum quantum
numbers, respectively. No electric quadrupole effect is
present in 57Fe because of the nucleus spherical symme-
try (I = 1/2). The level splitting of the investigated tran-
sition gives rise to three hfs line components 7/2 − 9/2,
5/2− 7/2 and 7/2− 7/2, with theoretical relative inten-
sities of 100 : 77.1 : 2.9 [18], hereafter simply denoted by
(1), (2) and (3), respectively. As expected, the weakest
hfs component is not observed in the spectrum of Fig. 2
while the second hfs component with relative intensity
77.1 can only be guessed between the main 56Fe line and
the first hfs component of 57Fe.
In order to enhance the signals from the 57Fe hfs com-
ponents and to reveal the contribution of the 58Fe iso-
tope, enriched samples of iron were used in our setup.
This is shown in Fig. 4 with a typical spectrum recorded
with a copper hollow cathode covered with a few mil-
ligrams of a home-made iron powder containing approx-
imately 10% of 54Fe, 10% of 56Fe, 70% of 57Fe, and 10%
of 58Fe. In comparison with the spectrum of Fig. 2, the
contribution of the 58Fe isotope and the second 57Fe hfs
component are now clearly visible. The three lines of the
even isotopes here have an approximately equal intensity,
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FIG. 3. (Color online) Hyperfine structure components (1),
(2) and (3) of the 3d64s2 a 5D3 − 3d
64s4p z 5F o4 Fe I transi-
tion at 373.7 nm for the isotope 57Fe (nuclear spin I = 1/2).
The quoted excited state energy and air wavelength of the
transition are the accurate values of Ref. [6].
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FIG. 4. (Color online) Same Doppler-free laser saturated ab-
sorption spectrum as in Fig. 2 recorded with an enriched sam-
ple of iron (≈10% 54Fe, ≈10% 56Fe, ≈70% 57Fe, and ≈10%
58Fe). In addition to the lines observed in Fig. 2, the contri-
bution of the 58Fe isotope and the second 57Fe hfs component
are now clearly visible in the spectrum. The cross-over (co)
resonance between the 57Fe hyperfine components (1) and (3)
is also visible.
while hfs components (1) and (2) of the 57Fe isotope are
significantly enhanced in accordance with the chosen iso-
tope abundances in the sample. The hfs component (3)
remains not directly observed, but an indirect signature
of this component is actually obtained through the now
visible cross-over (co) resonance [19] between components
(1) and (3).
TABLE I. Isotope shifts (IS) between the given iron isotopes
for the Fe I 373.7 nm resonance line.
IS (MHz) δν58,56 δν57,56 δν56,54
This work 693.6(6.9) 365.5(3.7) 728.4(7.3)
TABLE II. Hyperfine structure magnetic dipole coupling con-
stants A of the lower and upper levels of the Fe I 373.7 nm
resonance line.
A (MHz) 3d64s2 a 5D3 3d
64s4p z 5F o4
Ref. [10] 26.351(2) −
This work 26.60(30) 68.21(69)
B. Isotope shifts and hyperfine structure constants
The peak frequencies ν54, ν56, ν57(1), ν57(2), ν57(3) and
ν58 allowed us to determine all isotope shifts and the
hfs magnetic dipole coupling constants of both ground
and excited states for 57Fe. Due to the absence of nu-
clear spin, the isotope shifts δν56,54 and δν58,56 are sim-
ply given by ν56 − ν54 and ν58 − ν56, respectively. For
57Fe, the isotopic and hyperfine structure effects are in-
tertwined. The isotope shift δν57,56 is the line frequency
shift that would be observed between isotopes 57 and 56
without nuclear magnetic effects. In their presence, all
effects add up and we do have for each hfs component
i = 1, 2, 3
ν57(i) − ν56 = δν57,56 +
1
2
A′C′(i) −
1
2
AC(i), (2)
with A [A′] and C(i) [C
′
(i)] the hfs magnetic dipole cou-
pling constant and the constant of Eq. (1) for the lower
[upper] level of the hyperfine component (i), respectively.
Inverting Eq. (2) yields directly δν57,56, A and A
′ from
the three frequency shifts ν57(i) − ν56 (i = 1, 2, 3).
To get a representative sample of experimental results,
32 spectra similar to Fig. 4 were recorded, all with typical
cathode currents of about 200 mA and an argon gas pres-
sure of 0.3 mbar. The pump and probe beam intensities
were typically 70 mW/cm2 and 8 mW/cm2, respectively.
Under those experimental conditions, the recorded lines
had a linewidth of about 17 MHz. This value origi-
nates from the 2.37(4) MHz natural linewidth [20], power
broadened up to about 9 MHz in view of the saturation
intensity of the line (5.62(9) mW/cm2). The last 8 MHz
contribution to the observed linewidth is attributed to
collisional broadening not completely negligible at the
pressure the hollow cathode cell was operated.
Tables I and II summarize our experimental data. The
errors quoted represent the statistical errors (one stan-
dard deviation of the mean of the sample of 32 spectra)
4taking into account an uncertainty of 1% in the determi-
nation of the Fabry-Perot free spectral range. All isotope
shifts δν56,54, δν57,56 and δν58,56 are here determined for
the first time, as well as the hfs magnetic dipole cou-
pling constant A of the excited state. The hfs constant
A of the ground configuration state is in very good agree-
ment within experimental uncertainties with respect to
the value reported in Ref. [10]. For that case, the un-
certainties obtained in this work and in Ref. [10] are not
to be compared since the present optical method is sim-
ply not able to compete with radio-frequency techniques.
On the other hand, optical methods offer access to levels
otherwise unaccessible with radio-frequency techniques,
as is the case with the excited level investigated in this
paper.
C. Field and specific mass shifts
As is well known, the frequency shift δνA,A′ of a tran-
sition between two isotopes of mass A and A′ can be
expressed as [21]
δνA,A′ = kµ
−1
A,A′ + Fδ〈r
2〉A,A′ , (3)
where k and F are the mass and field shift coefficients
of the transition, respectively, δ〈r2〉A,A′ is the difference
in mean square nuclear charge radii between the two iso-
topes, and µA,A′ = AA
′/(A−A′). The mass shift coeffi-
cient k is the sum of two contributions, the normal mass
shift coefficient kNMS and the specific mass shift coeffi-
cient kSMS : k = kNMS + kSMS. The normal mass shift
coefficient takes the reduced mass correction for the elec-
tron into account and amounts to νme/u with ν the tran-
sition frequency, me the electron mass and u the atomic
mass unit. The specific mass shift originates from the
change in the correlated motion of all the electrons and
is much more difficult to evaluate accurately from ab ini-
tio theoretical calculations. Subtraction of the normal
mass shift from the isotope shift δνA,A′ gives the resid-
ual isotope shift δνRISA,A′ verifying
µA,A′δν
RIS
A,A′ = kSMS + FµA,A′δ〈r
2〉A,A′ . (4)
Equation (4) shows that the so-called King’s plot [21] of
the modified residual isotope shift µA,A′δν
RIS
A,A′ as a func-
tion of the modified difference in mean square nuclear
charge radii µA,A′δ〈r
2〉A,A′ for different isotope pairs
draws a straight line of slope F and with origin value
kSMS.
In Fig. 5 we show the King’s plot drawn from our mea-
sured isotope shifts reported in Table I and with δ〈r2〉A,A′
values deduced from tabulated rms nuclear charge radii
measured by electron scattering and muonic x rays [22].
The linear regression of the plotted points has allowed
for the first time to obtain an experimental value for the
specific mass shift and field shift coefficients of the Fe I
kSMS
F
FIG. 5. (Color online) King’s plot of the modified residual iso-
tope shift µA,A′δν
RIS
A,A′ with respect to the modified difference
in mean square nuclear charge radii µA,A′δ〈r
2〉A,A′ for the
different isotope pairs 58−56, 57−56 and 56−54. The origin
value and slope of the linear regression line yield the specific
mass shift kSMS and field shift F coefficients, respectively.
373.7 nm resonance transition, namely
kSMS = 960(170) GHz amu,
F = −0.59(37) GHz/fm2. (5)
These values allow in turn to compute the contribution
of the specific mass shift kSMSµ
−1
A,A′ and the field shift
Fδ〈r2〉A,A′ for each measured isotope shifts between two
isotopes of mass A and A′. These contributions are sum-
marized in Table III for our data. As can be seen, the
major contribution to the residual isotope shifts comes
from the specific mass shift term. It must be noted that
the uncertainties quoted in Eq. (5) originate mainly from
the nuclear rms charge radius errors [22] (horizontal error
bars in Fig. 5) that contribute to the standard deviations
of the coefficients kSMS and F by 150 GHz amu and 33
GHz/fm2, respectively. This shows that no significant
reduction of the uncertainties of these coefficients can be
expected without a more accurate determination of the
nuclear charge radii.
It is worth mentioning that the specific mass shift co-
efficient was estimated to be kSMS = 737 GHz amu in a
recent theoretical study [23]. This value is lower than our
experimental result by about 1.3 standard deviations.
IV. CONCLUSION
In conclusion, in this paper we have reported the ex-
perimental determination of the isotope shifts of the
3d64s2 a 5D3 − 3d
64s4p z 5F o4 Fe I resonance line at
373.7 nm between all four stable isotopes 54Fe (I = 0),
56Fe (I = 0), 57Fe (I = 1/2) and 58Fe (I = 0), as
5TABLE III. Isotope shift (IS), residual isotope shift (RIS),
specific mass shift (SMS) and field shift (FS) between the
given isotopes for the Fe I 373.7 nm resonance line.
Isotope pair IS RIS SMS FS
(MHz) (MHz) (MHz) (MHz)
58− 56 693.6(6.9) 422.3(6.9) 590(110) −170(110)
57− 56 365.5(3.7) 227.3(3.7) 302(53) −72(46)
56− 54 728.4(7.3) 437.5(7.3) 640(110) −190(120)
well as the complete hyperfine structure of that line
for 57Fe. The measurements were made using high-
resolution Doppler-free laser saturated absorption spec-
troscopy in a home-made Fe-Ar hollow cathode discharge
cell with both natural and enriched iron samples. The
measured isotope shifts and hyperfine constants have
been reported with uncertainties at the tenth percent
level. All frequency shifts δν56,54, δν57,56 and δν58,56 have
been reported for the first time, as well as the experi-
mental value for the hyperfine structure magnetic dipole
coupling constant A of the excited state of the transition.
The field and specific mass shift coefficients of the transi-
tion have been derived from a King’s plot analysis where
it was shown that the major part of the measured isotope
shifts comes from the specific mass shift contribution.
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